From satellite altitudes, the only feasible way at present to globally monitor wind stress over the oceans is by the use of scatterometers. The principle of wind measurement by the scatterometer is simple. It has been established that for the scatterometer, Bragg scattering is the predominant scattering mechanism; the backscattering power is produced only from those water waves that satisfy the Bragg resonant condition. It has been assumed in the past that the resonant water waves grow monotonically with the wind stress; a simple empirical relationship between the wind stress and the backscattering power has been used until now as the algorithm for scatterometer data reduction.
INTRODUCTION
Of all of the physical parameters that can influence the dynamics of the ocean, none is more important than wind stress. It is the major force in the ocean current system and the major force for generating ocean waves (Phillips, 1977) . Therefore, the demand for global wind data is strong for both meteorological and oceanographic applications. Since most of the earth's surface is covered by ocean and much of the sea surface is not easily instrumented for routine wind measurements by conventional means, the logical alternative is to use remote sensing techniques.
It is important to note at the outset that no measure the actual movement of air. Instead, the remote wind measurement technique in existence can wind's strength and direction must be inferred from other observables such as surface roughness, the ocean surface's brightness temperature,etc. The success of these implicit methods depends critically on two requirements. In the first place, the instrument must faithfully record the observables due to the wind. Then, a correct and unique inversion rela-U.S. Government work not protected by U.S. copyright.
tionship between the observables and the wind must be known precisely. Both of these requirements depend upon our understanding of ocean dynamics, and satisfying them is a difficult task that has not as yet been accomplished in a definitive manner.
After considerable research and development, however, many instruments have been manufactured that can provide remotely sensed wind speed and direction with acceptable accuracy. Wind speed has been inferred from the visible image of the sun glitter from satellite; ground-based HF radar; lidar; cloud motion from satellite images; altimeter; windwave radar; synthetic aperture radar; and, of course, the radiometer and the scatterometer. Among all these techniques, the scatterometer and radiometer have been proved to be the most versatile and reliable instruments. Consequently, they were designated as the primary instruments for wind measurement on the dedicated oceanographic satellite, Seasat, launched in 1978. In this paper, the principles and potential problems associated with the scatterometer's measurement of wind speed will be discussed. Published analyses of Seasat and Skylab data and recently collected laboratory data will be used to document conclusions drawn in the discussion. A critical examination of our knowledge of the physical processes of wind-wave development and electromagnetic wave reflection by the ocean's surface is important in assessing the capability of the scatterometer technique for wind measurement.
THE PRINCIPLE OF SCATTEROMETER HEASUREMENT
Bragg's law is a well-known formula in optical diffraction and is frequently encountered and used in studies involving electromagnetic and water wave interactions. In fact, the design of the satellite scatterometer is based on the backscattering of offnadir radar pulses by the selective Bragg scattering mechanism (Grantham et&., 1975) . For constructive reinforcement of the scattered electromagnetic fields, the water wave spacing xW must be related to the electromagnetic wavelength xr by X r 2xw siw/m
where e is the radar signal incidence angle and m is the order of the scattering. For first order scattering, m = 1, and in terms of wavenumber kw = 2kr sing (2) Analytical models of the sea return for radars looking at angles greater than 25" from the nadir have substantiated that Bragg scattering is the predominant ocean scattering mechanism (Peake, 1958; Wright, 1966; Wright, 1968) . All of these used the classical perturbation theory results of Rice (1951) to describe electromagnetic scattering from a slightly rough dielectric surface. In the absence of large scale waves, the backscattering crosssection per unit area is given by aip (e,@) = 8<$(G,ky)r2pp1 (0,O) The c o m p o s i t e s u r f a c e scatt e r i n g model f i r s t proposed by Wright (1968) assumes t h a t p h y s i c a l o p t i c s i s v a l i d f o r n e a r -n o r m a l i n c id e n c e w i t h o n l y l a r g e scale waves c o n t r i b u t i n g t o t h e s c a t t e r e d f i e l d . F o r a n g l e s o f i n c i d e n c e g r e a t e r t h a n 25", t h e p e r t u r b a t i o n s o l u t i o n i s m o d i f i e d t o i n c l u d e t h e t i l t i n g o f s m a l l scale Bragg wave p a t c h e s by t h e l a r g e r scale waves. I n a r e c e n t p a p e r , Brown (1978) devised a more g e n e r a l a n a l y t i c a l t e c h n i q u e t o i n c o r p o r a t e b o t h t h e n e a r -s p e c u l a r p h y s i c a l o p t i c s s c a t t e r i n g p e r t i n e n t t o n a d i r -l o o k i n g i n s t r u m e n t s s u c h as t h e altimeter a n d t h e w i d e -a n g l e t i l t e d p l a n e B r a g g s o l u t i o n s . T h i s m o d e l i n d i c a t e s t h a t t h e sea r e t u r n f r o m a s c a t t e r o m e t e r w i l l r e s u l t f r o m t h e components of t h e w a t e r wave wavenumber spectrum i n the neighborhood of the Bragg wavenumber h; t h e e x t e n t o f t h i s n e i g h b o r h o o d i s p r o p o r t i o n a l t o t h e mean-square slopes of the large-scale wave s t r u c t u r e p r e s e n t .
( 3 )
Assuming t h a t t h e l a r g e -s c a l e wave s t r u c t u r e i s n e g l i g i b l e , i t i s apparent from ( 3 ) t h a t knowledge o f t h e c a p i l l a r y wave spectrum i s e s s e n t i a l . I f , s a ( $ , 9) as measured by a s c a t t e r o m e t e r v a r i e s a t a c o n s t a n t 8 and 4 , then the changes must be due t o d i f f e r e n c e s i n t h e s p e c t r u m a s s u m i n g t h a t t h e p e r t u r b a t i o n t h e o r y model i s c o r r e c t . S t u d i e s by Pierson (1975) and Xitsuyasu and Honda (1974) indic a t e d t h a t t h e s p e c t r u m d o e s c h a n g e w i t h wind speed. However, as noted by Noore and Fung ( 1 9 7 9 ) , t h e r e was a s e r i o u s l a c k o f u n d e r s t a n d i n g o f t h e c a p i l l a r y s p e c t r u m i n t h e e a r l y d a y s o f s c a t t e r o m e t r y . T h i s n e c e s s i t a t e d t h e a d o p t i o n o f a n e m p i r i c a l t e c h n i q u e r a t h e r t h a n t h e u s e o f a p h y s i c a l l y -b a s e d s c a t t e r i n g model. A s r e p o r t e d by Jones e t a l . ( 1 9 7 5 ) , e a r l y measurements of the ocean's microwave backscattering c o e f f i c i e n t s u g g e s t e d t h a t i t was r e l a t e d t o t h e windspeed U by a power-law e x p r e s s i o n , s u c h a s
where 0 and e a r e e m p i r i c a l c o e f f i c i e n t s and i s i n t h e f o r m o f a power r a t i o . T h i s t y p e e x p r e s s i o n i s s t i l l i n use. For the Seasat-A s a t e l l i t e s c a t t e rometer (SASS), a r e l a t i o n s h i p was adopted of the form a ' (3 ,$)
where 8 i s t h e i n c i d e n c e a n g l e ,
i s t h e s a t e l i i t e a z i m u t h m i n u s t h e t r u e w i n d d i r e c t i o n ,
g and h are e m p i r i c a l f u n c t i o n s , a n d i s i n dB. F i g u r e 1 shows t h e l i n e a r r e l a t i o n s h i p s between 0' i n dB and t h e b a s e 1 0 l o g a r i t h m o f t h e wind speed adopted for t h r e e d i f f e r e n t s e n s o r s u s e d i n s c a t t e r o m e t r y . RADSCAT i s t h e a i r c r a f t i n s t r u m e n t u s e d
by Jones e t a l . (1977) . The d a t a p o i n t s d i s p l a y e d are airc r a f t d a t a u s e d t o compute t h e W S C A T l i n e a r r e g r e ss i o n shown i n t h e f i g u r e .
The l i n e s f r o m S k y l a b 2 and 3 (Cardone sal., 1976) and Seasat (Schroeder f o r t h o s e two s a t e l l i t e s c a t t e r o m e t e r m i s s i o n s t o relate 0' t o wind speed. Whether these empirical f o r m u l a s a r e a p p r o p r i a t e f o r t h e r e m o t e s e n s i n g o f wind speed is t h e s u b j e c t o f o u r d i s c u s s i o n h e r e .
_ -_ _
e t a l . , 1 9 8 2 ) r e p r e s e n t t h e e m p i r i c a l a l g o r i t h m s u s e d
THE CAPILLARY WAVE SPECTKUM
I n c o n c e p t , t h e e m p i r i c a l r e l a t i o n s h i p s d e scribed above are s t r a i g h t f o r w a r d a n d are e a s i l y implemented. However, the need t o c o n s t r a i n scatterometry t o t h e u s e o f a l g o r i t h m s o f t h i s s o r t i s gone. 
E m p i r i c a l l y -d e r i v e d a l g o r i t h m s u s e d t o model b a c k s c a t t e r i n g c r o s s -s e c t i o n as a f u n c t i o n o f wind speed for W S C A T (-1,
Skylab 2 and 3 (-.-), and Seasat
(-).

The i n c i d e n c e a n g l e i s 30°, t h e azimuth i s t h e upwind d i r e c t i o n , and t h e t r a n s m i t t e d a n d r e c e i v e d s i g n a l p o l a r i z a t i o n s are v e r t i c a l .
As noted by Moore and Fung ( 1 9 7 9 ) t h e e m p i r i c a l formulas proposed by Pierson and Stacy (1973) and P i e r s o n ( 1 9 7 5 ) h a v e b e e n e x t e n s i v e l y u s e d i n scatt e r o m e t r y t o r e p r e s e n t t h e c a p i l l a r y s p e c t r u m . But i n t h e p a s t t e n y e a r s , o u r k n o w l e d g e o f t h e c a p i l l a r y wave s p e c t r u m h a s i n c r e a s e d d r a m a t i c a l l y . W i t h i t h a s come a n i n c r e a s e as w e l l i n o u r u n d e r s t a n d i n g o f t h e p h y s i c a l p r o c e s s e s w h i c h limit t h e e f f e c t i v en e s s o f e q u a t i o n ( 5 ) .
T h e o v e r s h o o t o f t h e s p e c t r a l d e n s i t y a t a f i x e d f r e q u e n c y ( o r wave number) i s undoubtedly one of the most important of these. Based on b o t h l a b o r a t o r y a n d f i e l d o b s e r v a t i o n s , B a r n e t t ( 1 9 6 6 ) , B a r n e t t a n d Wilkerson (1967) and Barnett and Sutherland (1968) f i r s t r e p o r t e d t h e phenomenon i n a wind wave development p r o c e s s as a f u n c t i o n o f f e t c h . L a t e r , u s i n g r a d a r m e a s u r e m e n t s i n t h e l a b o r a t o r y , L a r s o n a n d Wright (1975) and Plant and Wright (1977) 
found that t h e o v e r s h o o t phenomenon can occur as f u n c t i o n o f d u r a t i o n t o o . S t i l l a t h i r d k i n d o f o v e r s h o o t t h a t o c c u r s u n d e r s t e a d y s t a t e c o n d i t i o n s as a f u n c t i o n o f wind stress ( b u t i n d e p e n d e n t o f f e t c h )
was rep o r t e d b r i e f l y by Long a n d H u n g ( 1 9 7 6 ) i n a s t u d y o f t h e d e v e l o p m e n t o f g r a v i t y -c a p i l l a r y w a v e s . F i g u r e 2 c o n t a i n s t h e v a r i a t i o n o f s l o p e s p e c t r a l d e n s i t y f o r wave components i n t h e w i n d ' s d i r e c t i o n as a f u n c t i o n o f f r i c t i o n v e l o c i t y u* as measured by Long and Huang ( 1 9 7 6 ) . R e s u l t s f o r f o u r d i f f e r e n t f e t c h e s are shown and the frequency of the components used i n t h e f i g u r e i s 13.5 Hz. F o r t h e 13.9 GHz r a d a r s y s t e m s u s e d i n a l l o f t h e s a t e l l i t e scatterometers t o d a t e , water waves of this f r e q u e n c y ( h a v i n g wavelengths of about 1.7 cm) s a t i s f y t h e Bragg resona n c e c o n d i t i o n i f o b s e r v e d b y t h e i n s t r u m e n t a t a n i n c i d e n c e a n g l e o f a b o u t 47". 
The o v e r s h o o t i n t h i s d a t a i s obvious.
Hz components of t h e s l o p e s p e c t r u m w i t h f r i c t i o n v e l o c i t y . F o u r d i f f e r e n t f e t c h e s a r e
shown (Long and Huang) .
Dynamically, a l l o f t h e o v e r s h o o t phenomena can be e x p l a i n e d i n t e r m s o f n o n l i n e a r wave-wave and wind-wave i n t e r a c t i o n s . By t h e t h e o r e t i c a l a n a l y s e s of Hasselmann (1962 Hasselmann ( , 1963a Hasselmann ( , 1963b and Hasselmann a l . (1976) , i t was shown t h a t t h e c o n s e q u e n c e o f n o n l i n e a r e n e r g y t r a n s f e r i n t h e random g r a v i t y wave f i e l d i s t o s h i f t e n e r g y t o low wavenumbers. T h i s r e s u l t i s confirmed by detailed measurements; i t a l s o c a n be r a t i o n a l i z e d e a s i l y by o b s e r v i n g t h a t wind wave f i e l d s e v e n t u a l l y become swell-dominated. A s t h e wind and waves i n t e r a c t wind energy i s t r a n sf e r r e d t o a wide range of wave numbers. Resonant t h e o r y ( P h i l l i p s , 1 9 7 7 ) , h o w e v e r , r e q u i r e s t h a t s e l e c t e d c o m p o n e n t s r e c e i v e m o r e e n e r g y t h a n o t h e r s . Weakly n o n l i n e a r i n t e r a c t i o n s , t h e n , c a u s e t h e e n e r g y t o be s h i f t e d c o n t i n u o u s l y t o w a r d s l o w e r wave numbers where it t e n d s t o a c c u m u l a t e a t a peak leaving both s i d e s of the spectrum near the peak very steep. Consequently, i f we monitor the development of part i c u l a r spectral components i n t h e lower frequency r e g i o n t h e y w i l l have m a x i m u m v a l u e s when the peak o f t h e spectrum i s l o c a t e d a t t h o s e s p e c i f i c f r eq u e n c i e s . As t h e w i n d s p e e d , f e t c h o r d u r a t i o n i n c r e a s e s , t h e p e a k p a s s e s t h a t f r e q u e n c y , t h e e n e r g y i n t e n s i t y d r o p s , a n d a n o v e r s h o o t results.
-F o r s h o r t g r a v i t y w a v e s
(1 < 10 cm), o r g r a v i t yc a p i l l a r y waves (1 = 2 cm), the development of the waves i s q u i t e d i f f e r e n t . A s soon as t h e wind starts, t h e s e s h o r t waves w i l l b e g e n e r a t e d i n s t a n t a n e o u s l y o v e r a l l f e t c h e s as r e p o r t e d by Long and Huang (1976) . F u r t h e r m o r e , i n c r e a s e o f t h e wind d u r a t i o n w i l l n o t n e c e s s a r i l y i n c r e a s e t h e wave i n t e n s i t y e i t h e r , exc e p t a t t h e b e g i n n i n g f r a c t i o n o f a second. ~s e x p l o s i v e t y p e o f s h o r t wave g e n e r a t i o n known as t h e cat's-paws (Mollo-Christensen and Dorman, 1973) 
i s d u e t o t h e l o c a l s h e a r i n s t a b i l i t y . The s p e c i a l c h a r a c t e r i s t i c s of these waves i s t h a t t h e y a r e o n l y f u n c t i o n s o f l o c a l wind s t r e s s . For the short waves, a t a c o n s t a n t f r e q u e n c y , i t can be seen i n F i g u r e 2 t h a t t h e s p e c t r a l d e n s i t y v a r i e s w i t h
wind speed i n a n o n l i n e a r f a s h i o n .
As t h e wind i n c r e a s e s , f o r f r e q u e n c i e s b e l o w t h e p e a k v a l u e t h e r e i s a tremend o u s r a t e o f g r o w t h u n t i l t h e l o c a l l y
wind g e n e r a t e d s p e c t r a l p e a k i s l o c a t e d a t that frequency. Then, u n d e r t h e i n f l u e n c e o f n o n l i n e a r wave-wave i n t e r a ct i o n a n d t h e r e s o n a n t wind-wave i n t e r a c t i o n mechanisms t h e a m p l i t u d e d e c r e a s e s b e f o r e i t a g a i n b e g i n s
t o grow but a t a slower rate.
The d y n a m i c p r o c e s s d i s c u s s e d i n t h i s s e c t i o n h a s b e e n r e p o r t e d i n t h e l i t e r a t u r e and i s known t o have impact on the
wave h e i g h t s p e c t r u m i n t h e c a p i ll a r y r e g i o n .
The q u e s t i o n now i s w h e t h e r o r n o t t h e s e s p e c t r a l v a r i a t i o n s h a v e i n f l u e n c e d s c a t t e r o meter performance i n t h e p a s t . R e s u l t s f r o m t h e S k y l a b a n d S e a s a t s c a t t e r o m e t e r m i s s i o n s h a v e b e e n p u b l i s h e d a n d a r e u s e f u l f o r t h i s p u r p o s e .
EXAMINATION OF PUBLISHED SCATTEROMETER RESULTS
For Skylab, Jones
Et. ( 1 9 7 5 ) r e p o r t e d t h a t a power-law response to wind speed seemed to be approp r i a t e . I n F i g u r e 3 , t h e i r e m p i r i c a l a l g o r i t h m i s shown along with measured 0 ' values and correspondi n g s u r f a c e t r u t h wind s p e e d v a l u e s f o r a n i n c i d e n c e a n g l e o f 5 0 " . A
l t h o u g h t h e a l g o r i t h m i n g e n e r a l r e p r e s e n t s t h e s c a t t e r o f t h e d a t a , i n l o c a l wind s p e e d r e g i o n s t h e r e a p p e a r s t o be c o n s i d e r a b l e s t r u ct u r e t h a t i s not, of course, modeled
by t h e power law curve. For example, at about 8 m / s wind speed, t h e r e was a l a r g e m e a s u r e d i n c r e a s e i n oo. Using a conversion formula suggested by G a r r a t t ( 1 9 7 7 ) ,
F i g u r e 3 shows t h a t a t t h a t w i n d s p e e d t h e f r i c t i o n v e l o c i t y i s about 23 cm/s, which i s t h e s p e e d a t
which the overshoot occurs for 13.5
Hz waves as shown i n F i g u r e 2. 
F i g u r e 3 . V a r i a t i o n o f t h e s u r f a c e s c a t t e r i n g c o e f f ic i e n t w i t h f r i c t i o n v e l o c i t y
and wind speed. The r a d a r d a t a were measured during the Skylab 2 and 3 m i s s i o n s a n d a r e p l o t t e d v e r s u s s u r f a c e t r u t h w i n d measurements. The power l a w f i t shown is t h e model c h o s e n t o r e p r e s e n t t h e s e d a t a . Jones a l . (1982) shows a similar f e a t u r e . F i g u r e 4 i n t h i s paper i s taken from Jones st. (1982) and i t shows t h e d i f f e r e n c e b e t w e e n SASS measured wind speed and s u r f a c e t r u t h wind speed as a f u n c t i o n o f t h e l a t t e r .
A d d i t i o n a l l y , d a t a f r o m t h e S e a s a t -A s a t e l l i t e s c a t t e r o m e t e r (SASS) r e c e n t l y p u b l i s h e d by
Below 15 m / s , SASS c o n s i s t e n t l y o v e r e s t i m a t e s t h e wind s p e e d i n c o m p a r i s o n t o t h e s u r f a c e t r u t h w h i l e above 15 m / s i t u n d e r e s t i m a t e s t h e s p e e d .
The d i ff e r e n c e s are l a r g e s t b o t h i n t h e mean and standard d e v i a t i o n f o r a l l e x p e r i m e n t s i n t h e r a n g e o f 5-10 m/s.
T h i s can be explained by n o t i n g t h a t t h e power law f i t t h r o u g h t h e d a t a i n F i g u r e
3 l i e s below t h e d a t a i n t h e 8-15 m / s r e g i o n . I f a measurement y i e l d e d a v a l u e o f 3' = -20 dB ( s c a t t e r i n g c o e f f ic i e n t = . O l ) , t h e a l g o r i t h m p r o d u c e s a wind speed estimate o f 1 0 m / s e c , w h i l e t h e d a t a a c t u a l l y i n d icates t h a t 8 m/sec i s a b e t t e r estimate. Conseq u e n t l y , t h e S A S S -s u r f a c e t r u t h d i f f e r e n c e s i n F i g u r e 4 c a n b e e x p l a i n e d by t h e same a r g u m e n t u s e d f o r t h e S k y l a b r e s u l t s .
A power law a l g o r i t h m c a n n o t a c -
-F i n a l l y , i t should be noted from Figure  1 t h a t t h e o r i g i n a l a i r c r a f t d a t a u s e d t o d e r i v e t h e e a r l y RADSCAT power law e x p r e s s i o n s were o n l y t a k e n a t a f e w d i s c r e t e w i n d s p e e d s .
The v a l u e s u s e d were a t 3, 6.5, 13.47, 15, and 23.6 m / s . The pronounced s t r u c t u r e i n t h e 0' -ux r e l a t i o n s h i p a t 8-10 m / s was not sampled a t a l l i n t h e a i r c r a f t d a t a c o l l e ct i o n e x p e r i m e n t s . 
ANGLE. WIND SPEED BINS. mls deg
F i g u r e 4 . The mean d i f f e r e n c e a n d s t a n d a r d d e v i a t i o n o f d i f f e r e n c e s b e t w e e n SASS measured wind speeds and ground t r u t h wind speeds (Jones 5 &., 1982) .
IABORATOKY RESULTS
I n a n e a r l y s e c t i o n e v i d e n c e was presented which i n d i c a t e d t h a t t h e c a p i l l a r y s p e c t r u m d o e s n o t g r o w smoothly with wind s p e e
d b u t e x p e r i e n c e s o v e r s h o o t . I n t h e p r e c e d i n g s e c t i o n , p u b l i s h e d r e s u l t s f r o m t h e s a t e l l i t e i n s t r u m e n t s on Skylab and Seasat were d i s c u s s e d . T h e s e i n d i c a t e t h a t t h e r a d a r -m e a s u r e d b a c k s c a t t e r e d c r o s s -s e c t i o n , D O , a l s o d o e s n o t vary smoothly with
wind speed as r e p r e s e n t e d by t h e e m p i r i c a l f o r m u l a g i v e n by ( 5 ) . To shed more l i g h t 
h e o u t p u t f r o m t h e
Sh'R meter i s smoothed by p a s s i n g i t t h r o u g h a n i n t e g r a t i n g v o l t m e t e r .
The time p e r i o d o f i n t e g r a t i o n i s a d j u s t a b l e a n d t h e o u t p u t c a n b e r e c o r d e d o n t o m a g n e t i c t a p e o r h a r d d i s k i f r e q u i r e d .
To s t u d y t h e e f f e c t o f wind speed on t h e meas u r e d b a c k s c a t t e r e d RF power, a l l t h a t i s r e q u i r e d w i t h t h i s a p p a r a t u s i s t o r e c o r d t h e a v e r a g e v o l t a g e s i g n a l l e v e l a n d t h e f r i c t i o n v e l o c i t y i n t h e t a n k . Because a c r y s t a l d e t e c t o r , w h i c h
i s a square-law d e v i c e , i s u s e d , t h e i n s t r u m e n t d o e s make a power measurement. The measurement of wind speed and/or f r i c t i o n v e l o c i t y i s r o u t i n e l y made i n t h e Wind-Wave Tank F a c i l i t y w i t h a D a t a m e t r i c s t y p e 1 0 1 4 e l e c t r o n i c manometer i n c o n j u n c t i o n w i t h a t y p e 572 u l t r a -h i g h a c c u r a c y t r a n s d u c e r a n d p i t o t t u b e . An experiment has been performed i n t h e f o l l o wi n g manner. The r a d a r was p o s i t i o n e d a l o n g a n d a b o v e t h e t a n k so t h a t f o r a 3 0 " i n c i d e n c e a n g l e , i t was i l l u m i n a t i n g a s p o t upwind on t h e s u r f a c e h a v i n g r o u g h l y t h e same f e t c h as t h e n e a r b y p i t o t t u b e . The r a d a r s i g n a l one-way p r o p a g a t i o n d i s t a n c e was a b o u t 80 cm a n d t h e i l l u m i n a t e d s p o t was about 21 cm by 60 cm i n area. The r a d a r i s s u b j e c t t o backs c a t t e r f r o m t h e walls a n d t o p o f t h e t a n k as well as f r o m t h e s u r f a c e . T h e r e f o r e , f o r a calm s u r f a c e , t h e s l i d i n g screw t u n e r was u s e d t o m i n i m i z e t h e magn i t u d e o f t h e r e c e i v e d b a c k g r o u n d s i g n a l .
Then any s i g n a l w i t h a r o u g h e n e d s u r f a c e c o u l d b e r e f e r e n c e d t o t h i s b a c k g r o u n d l e v e l . I n e f f e c t t h i s p r o c e d u r e c o r r e c t s f o r t h e unwanted wall a n d t o p r e f l e c t i o n s . Wind p r o f i l e s a n d 1 0 . 0 GHz measurements were made i n t h i s f a s h i o n o n two d i f f e r e n t d a y s a n d t h e results are shown i n F i g u r e 5. The open symbols r e p r e s e n t t h e m e a s u r e m e n t s f r o m t h e two days. The l i n e s are a g a i n t h e power law f i t s used f o r RADSCAT, Skylab, and SASS. It s h o u l d b e n o t e d t h a t t h e s e models were d e v e l o p e d f o r i n s t r u m e n t s o p e r a t i n g a t 13.9 GHz w h e r e t h e l a b o r a t o r y r a d a r i s at 1 0 GHz b u t t h e d i f f e r e n c e d u e t o t h e f r e q u e n c y is e x p e c t e d t o b e small. In c o n t r a s t t o t h e m o d e l s , t h e d a t a l e v e l s o f f a t a d i s t i n c t p l a t e a u a t and above ux = 40 cmls. For two of the wind speeds, backscattering cross-section measurements were also made when random, plunger-produced background waves were introduced. These waves lacked the capillary waves produced nearly instantaneously by the wind and can be realistically used to represent the swell conditions found in the ocean. For the two measurements, the introduction of these waves caused a reduction in the measured friction velocity and a reduction in the cross section. Because these waves are so pervasive in the ocean, much additional work is underway to further characterize their effects on scatterometry. Just these two data points are sufficient to show that the background waves can not be neglected in scatterometry.
Comparisons t o F i g u r e 3 show t h a t t h e s h a p e assumed b y t h e s e d a t a i s similar t o t h a t r e p o r t e d f o r t h e S k y l a b g r o u n d t r u t h s t u d y e x c e p t t h a t t h e
CONCLUSIONS
In this paper, evidence has been presented which indicates that the scatterometer algorithms in use that relate received backscattered power measurements to wind speed are in need of refinement. Using published measurements of the amplitude of the capillary wave spectrum and its variation with wind speed, it has been shown that the variation is not smoothlyvarying due to the impact of important wave dynamics processes such as overshoot. Furthermore, Skylab and Seasat scatterometer results published in the open literature indicate that the backscattered power returns do not vary smoothly with wind speed either.
To verify these observations, a laboratory experiment involving a simple radar set operated as a scatterometer and wind profile measurements was conducted. The results of these tests corroborate the hypothesis that the scatterometer wind speed algorithm is in need of improvement. Indeed, with the new knowledge of the capillary wave spectrum, it may be possible to replace the empirical power law relationship used in the past with algorithms based on backscattering cross-section theory. Much additional work is needed, both theoretical and in the laboratory, to explain the structure in the backscattered power versus friction velocity data presented in this paper. Some parallels between the overshoot phenomenon and this structure have been noted. If they are physically linked the mechanism has not yet been identified. However, it appears that with additional work it will be possible to replace existing algorithms with deterministic revisions. Existing scatterometer hardware and algorithms can produce invaluable measurements of the oceanic wind field already. But by incorporating modifications based on a more detailed treatment of oceanic microscale dynamics, it is possible to improve the accuracy of the data products substan-
